Due to inherent advantages of both constituent materials, organic/inorganic hybrid composites have attracted increasing attention. One of the fundamental issues needed to be resolved is their band alignment, which governs most of the electrical and optical properties. Here, we report the investigation of optical transition in poly(3-hexylthiophene) (P3HT)/CdSe nano-composites (NCs). It is found that the relaxation dynamics of photo-carriers in NCs is dominated by charge separation effects. Based on the band bending effect and the quantum confinement energy of electrons in the conduction band of CdSe quantum dots, we provide direct evidence of type II band alignment in P3HT/CdSe NCs. The establishment of a type II transition in NCs is very useful for the future design of efficient optoelectronic devices based on conjugated polymer/semiconductor hybrid systems.
Introduction
Organic/inorganic nano-composites (NCs) composed of conjugated polymers (CPs) and inorganic colloidal semiconductors have attracted intensive interest due to great potential optoelectronic applications including photovoltaic cells [1, 2] and light emitting diodes (LEDs) [3, 4] . By combining p-type CPs (such as poly(3-hexylthiophene) (P3HT)) with ntype inorganic colloidal nanocrystals (such as CdSe, TiO 2 , and ZnO), the NCs can increase the device performance relative to either of the non-hybrid counterparts due to inherent advantages of organic CPs and inorganic nanostructures [2, 5] . For example, inorganic colloidal nanocrystals exhibit excellent optical properties (high photo-stability, tunable emission wavelength, broad wavelength range of light absorption coefficient, etc) [6] . Moreover, organic CPs can provide an efficient charge conduction in NC systems and thus improve the poor hopping transport between inorganic colloid nanocrystals [1, 3, 5] . This is mainly due to the existence of the ligand on the surface of inorganic colloid nanocrystals. In addition, from a technological viewpoint, such polymer-based NCs offer a convenient chemical processing, which is compatible with the colloidal chemistry of nanostructures [5, 7] .
In previous studies [5, 8] , the relaxation dynamics of photo-excited carriers in organic/inorganic NCs have been reported. It is shown that Dexter energy transfer and charge separation are the dominant processes, given that NCs have a type II band alignment at the heterostructure interface. This means that the conduction band minimum of CPs is higher than that of inorganic semiconductors, and the valence band maximum of CPs is higher than that of inorganic semiconductors [1, 8] . Besides, it is well known that the band alignment across the interface plays a very important role in determining most of the optical and electrical properties of heterojunctions [1, 5, 8] . However, to the best of our knowledge, there does not exist any direct observation of type II transition in organic/inorganic hybrid NCs. In this paper, we provide direct evidence of the optical transition arising from type II band alignment in P3HT/CdSe NCs based on the band bending and quantum confinement effects near the interface. Interestingly, the magnitude of the red-shift of the transition from CdSe quantum dots (QDs) to P3HT due to type II band alignment increases with CdSe QDs size in NCs, which is consistent with the predicted value and gives additional evidence to support our interpretation. 
Experiment
The Tri-n-octylphosphine oxide (TOPO) encapsulated CdSe QDs were synthesized by a chemical colloidal method as reported before [9, 10] . The procedure to prepare pyridine encapsulated CdSe QDs is similar to the method reported by Li [11] and the detail is as follow: dry TOPO encapsulated CdSe powder (20 mg) was dispersed in the hybrid solution of 10 ml pyridine and 10 ml octadecene (ODE). The above mixture was heated to 100-110
• C and stirred overnight. Finally, the sample at room temperature was washed to remove the pollutant molecules adsorbed on particles by adding methanol and stored in toluene. Two different sizes of pyridine encapsulated CdSe QDs with 5.2 nm (small dots) and 6.6 nm (large dots) diameters were prepared. The commercial P3HT CPs was dissolved in toluene (10 mg ml −1 ) at a spin speed of 500 rpm overnight. The P3HT/CdSe NCs were prepared from the well mixed hybrid solution of P3HT CPs and CdSe QDs in toluene solvent and then deposited by drop casting on the silicon substrate under ambient atmosphere. The volume fraction occupied by the dots is about 70%. According to the scanning electron microscope image, the film thickness is about 13 μm, which is much larger than the penetration depth of the 347-532 nm laser light used in our measurement.
For the photoluminescence (PL) measurement, a pulsed diode laser with 374 nm wavelength was used as the excitation source. The PL spectra were passed through a Triax 320 monochromator and detected by a silicon detector. The timeresolved photoluminescence (TRPL) of pyridine encapsulated CdSe QDs was carried out using time-correlated single-photon counting (TCSPC), and a 374 nm pulsed diode laser with 5 MHz repetition rate and 200 ps pulse length was used as the excitation source. For the TRPL measurements of P3HT CPs, a second harmonic of a Ti:sapphire oscillator (100 fs, 80 MHz, Spectra Physics) was used as the excitation source, giving a tunable wavelength in the range 350-480 nm. An Edinburgh OB 900-L single-photon counter was used as the detecting system. The resolution of the time-correlated photon-counting system is limited by the detector response of ∼50 ps. The fluorescence decays were analyzed by the sum of exponential functions with a nonlinear least squares iterative convolution method [12] , which allows partial removal of the instrument time broadening and consequently renders a temporal resolution of ∼30 ps.
For the TRPL measurements in the nano-microsecond region, a second harmonic of a Nd: YAG laser (532 nm, 8 ns, Continuum Surelite II) was used as an excitation source. Emission decay was then detected by a near infrared (NIR) sensitive photomultiplier tube (Hamamatzu R5509-72) operated at −80
• C, which was cooled by liquid nitrogen; the signal was sent through an oscilloscope (Model TDS 3012, Tektronix), which was then averaged over 512 shots for further analyses. Data were analyzed using the nonlinear least squares procedure in combination with an iterative convolution method. After the removal of the instrument response function, a temporal resolution of ∼5 ns could be achieved. To control the measurement temperature, the sample was placed inside a closed-cycle He refrigerator (Model 22 ® Refrigerator, CTICryogenics).
Results and discussions
As shown in figures 1(a) and (b), the PL intensity of CdSe QDs quenches and the PL decay rate of CdSe QDs accelerates upon mixing CdSe QDs with P3HT CPs. According to figures 1(c) and (d), it is found that the mixing of CdSe QDs and P3HT CPs also leads to the PL quench of P3HT and the faster PL decay rate of P3HT. The above PL and PL decay measurements were all performed at 300 K. According to previous studies [1, 10, 13, 14] , the above observation indicates indirect evidence for the type II band alignment across the P3HT and CdSe interface, and results from the behavior that electrons in the lowest unoccupied molecular orbital (LUMO) band of P3HT flow into the conduction band of CdSe QDs while the holes in the valence band of CdSe QDs flow into the highest occupied molecular orbital (HOMO) band of P3HT by charge transfer, as shown in figure 2 . Thus, this results in quenched PL intensity and a faster decay process, because there exists an additional relaxation channel for the photoexcited carriers in CdSe and P3HT.
In order to search for direct evidence of the optical transition due to type II band alignment, we have examined the PL spectra in great detail. Figure 3 shows the normalized PL spectra of P3HT CPs and P3HT/CdSe NCs at 20 K. Compared with the spectrum of P3HT, the spectrum of P3HT/CdSe NCs exhibits an apparent prominence in the red shoulder and, in particular, a twice as large intensity at around 1.41 eV. To analyze the origin of the broad PL spectrum of P3HT/CdSe NCs, we have fitted the PL spectrum by two Gaussian curves. In addition to the higher energy spectrum corresponding to the PL spectrum of P3HT CPs, there exists a lower energy spectrum with the peak energy at around 1.41 eV. Based on the band alignment as shown in figure 2 , we suggest that this lower energy spectrum arises from the type II transition in P3HT/CdSe NCs. To further support our interpretation, the PL dynamics of this lower energy spectrum are also shown in the inset of figure 3 . The method to obtain the PL decay time can be found elsewhere [15] . It is found that the PL decay time of P3HT/CdSe NCs detected at 1.41 eV is around several hundred nanoseconds and is much longer than that of CdSe QDs (∼several nanoseconds) and P3HT CPs (∼several hundred picoseconds) as shown in figure 1 . Therefore, we can exclude the possibility that the lower energy spectrum results from the remnant emission of P3HT CPs or CdSe QDs. This result provides us with the direct experimental evidence of a type II transition [16] .
Quite interestingly, we observe a blue-shift for the lower energy PL spectrum of P3HT/CdSe NCs under a moderate excitation power intensity, as shown in figure 4(a) . It is found that the lower energy spectrum exhibits a blue-shift of about 21 meV with increasing the excitation intensity from 1.6 to 80 mW cm −2 . The blue-shift will eventually saturate when the excitation power increases further, as shown in figure 4(b) . According to the previous reports [17, 18] , the above observation can be rationalized by the band bending effect of the type II band alignment associated with P3HT/CdSe NCs, as shown in figure 2 . The photo-excited carriers accumulated at the interface will build up an internal electric field, and cause the bending of the conduction band and valence band. Therefore, an increase in the excitation intensity raises the steepness of the confining potential and, consequently, the quantization energy is enhanced, resulting in a spectral blue-shift.
In order to analyze this result quantitatively, we consider the change of the carrier density due to photo-excitation [19] . The electron surface density n and hole surface density p generated in CdSe QDs and P3HT CPs by a light beam with intensity I can be approximately characterized by the relation
where α denotes the proportionality coefficient. The strongly localized carriers near the interface form a charged surface and correspondingly produce an approximate triangular well with an electric-field strength of
where β is a proportionality constant. The ground electron state E in such a well is proportional to ε 2/3 , and thus the electron quantization energy is expected to increase proportionally with the third root of the excitation power [19] . Experimentally, the PL peak energy versus the third root of the excitation power is depicted in the inset of figure 4(b) . The plot is sufficiently straight, consistent with the behavior for the electron quantization predicted theoretically.
Furthermore, in order to confirm that the lower energy spectrum really results from the type II transition of P3HT/CdSe NCs, we choose bigger CdSe QDs. As shown in figure 5 , we observe that the red-shift of the CdSe QDs is 107 meV ( figure 5(a) ), while the shift of the lower energy peak of P3HT/CdSe NCs is only 87 meV. As shown in figure 2, the shift of the peak energy for the type II transition in P3HT/CdSe NCs is mainly determined by the change of the quantum confinement energy of electrons in CdSe QDs, which can be roughly estimated by the equation [20] [21] [22] 
where the electron effective mass of CdSe bulk m e = 0.13m 0 [23] , the radius of CdSe R 1 = 2.6 nm, and R 2 = 3.3 nm, with the corresponding PL peak energy (optical band gap) E 1 , E 2 and the corresponding electron effective mass m 1e (small dots), m 2e (large dots). Note that E g is the bulk band gap of CdSe. The estimated shift of the peak energy is 95 meV, which is in agreement with the observed value.
Conclusions
In conclusion, we have provided the first direct observation of the optical transition arising from type II band alignment in P3HT/CdSe NCs based on the band bending and quantum confinement effects near the interface. The establishment of the type II band alignment should prove useful for the understanding and application of optoelectronic devices derived from organic/inorganic NCs. In particular, for application in NIR LEDs and solar cells, a tunable type II transition and charge separation could be approached with the flexible band alignment of organic/inorganic NCs.
